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Abstract: We propose a new leptogenesis scenario in which the lepton asymmetry and
matter particles are simultaneously generated due to the coherent oscillating Higgs back-
ground. To demonstrate the possibility of our scenario, we consider the type-I seesaw model
as an illuminating example and show the numerical analysis. In order to generate the re-
quired lepton number |nL/s| = 2.4×10−10, we find that the scales of the Higgs background
oscillation and the lightest right-handed neutrinos mass are required to be higher than
1014−15 GeV.
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1 Introduction
The observation of the cosmic microwave background (CMB) supports two important cos-
mological events[1, 2]. One is the cosmic inflation that causes the exponential expansion of
the Universe. The evidence is shown in the scale invariance of the power spectrum. Another
important event is the big bang nucleosynthesis (BBN) in which the abundance of baryons
(hydrogen, deuterium, helium, etc.) is fixed from a second to 3 minutes after inflation.
According to the theory of the BBN, the required initial conditions to realize the current
Universe are a temperature higher than a few MeV and the baryon number to photons
number ratio η = nB/nγ ∼ 6 × 10−10. Despite the CMB information is originated after
380,000 years later from the BBN, the observation shows η = (6.10 ± 0.04) × 10−10[2, 3].
However, these two events cannot connect directly because the temperature of the Universe
after inflation might go to zero due to the extreme dilution. On the other hand, the BBN
must start with a high-temperature scale at least more than a few MeV. Therefore, the
Universe must be heated due to some mechanism after inflation.
The (re)heating theory has been developed by many authors (for review, see e.g. [4–6]).
Typically it is described by the decay of the inflation field into other particles after inflation,
but a picture of the perturbative decay is not correct. Taking into account a particle coupled
to the oscillating inflation field, the non-perturbative particle production occurs and the
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produced particle number can grow exponentially by parametric resonance[4, 7–9]. This
process happens before the Universe is thermalized, so-called preheating era.
On the other hand, inflation makes our Universe no particle state because any particles
are extremely diluted. Thus, the Universe must evolve from no baryon number state to
non-zero baryon number state. This scenario is called baryogenesis that requires a small
asymmetry between baryons and anti-baryons. The Standard Model (SM) cannot produce
enough baryon asymmetry from a symmetric Universe. At present, one of the hopeful
scenarios is the thermal leptogenesis [10] in which superheavy right-handed neutrinos and
their interactions are added to the SM. The decay of right-handed neutrinos can generate
lepton number. This generated lepton number can be converted into the baryon number
through the sphaleron process [11] after the decay of the right-handed neutrinos.
In this paper we propose a new scenario of the baryogenesis that occurs in the pre-
heating era. There are several baryogenesis scenarios associated with preheating [12–14] in
which certain particles heavier than the inflation field can be produced through the non-
perturbative process and they decay with baryon asymmetry later. In contrast to such
scenarios, our scenario generates the baryons or leptons and their asymmetry simultane-
ously due to an oscillating background field. In earlier studies, it was pointed out the
possibility of the asymmetry production in the preheating era with simple scalar cases that
have charge violating interactions and C- and CP-violating parameters[15, 16]. But it is
still not clear that there exist realistic models that can generate enough baryon or lepton
asymmetry.
To show the story with a concrete model, we consider the type-I seesaw model as an ex-
ample. Then our scenario corresponds to a new-type of non-thermal leptogenesis. A sketch
of our scenario is that the lepton asymmetry is produced by the non-perturbative particle
production of the left-handed neutrinos due to the coherently oscillating Higgs background.
For example, let us consider a lepton number violating operator CAB(H`A)(H`B) first pro-
posed by Weinberg[17], where CAB is a coupling and H is the Higgs doublet, and `A is
the lepton doublet in the generation A. This interaction also represents mass terms of the
left-handed neutrinos in the case that the Higgs has a vacuum expectation value. If the
Higgs vacuum expectation value varies non-adiabatically, the left-handed neutrinos would
be produced. An important point is that this neutrino production violates the lepton num-
ber. Therefore, if the theory has C- and CP-violating parameters, then the lepton number
asymmetry is also generated at the same moment. However, this process must happen at
a lower energy scale than the scale of the coupling CAB. Otherwise, the backreactions or
the neutrino-Higgs scatterings happen, erasing the generated asymmetry. Similar situa-
tions are investigated[18], but the interaction contents in that study are different from ours.
The model in [18] was considered the type-I seesaw and a dimension six operator that is
proportional to B + L current. Then, the lepton asymmetry can be generated by a single
generation. In our model, we only include the type-I seesaw with three generations of the
left- and the right-handed neutrinos.
Since it is difficult to obtain the analytic behavior, we will demonstrate the formulation
and show the results by the numerical calculation. For simplicity, we neglect the spatial
expanding effect in the later calculation. Furthermore, we assume that the energy scale of
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the produced left-handed neutrinos is much lower than the mass scale of the heavy right-
handed neutrinos in order to avoid backreactions that would erase the generated asymmetry.
Then the production of the right-handed neutrinos associated with the Higgs is forbidden,
and the scattering of the left-handed neutrinos and the Higgs intermediated with the heavy
right-handed neutrinos is also suppressed.
The paper is organized as follows. In section 2, we derive the basic operator equations
and construct the effective theory in which the right-handed neutrinos do not appear. Using
these results, we construct the equations of motion for two-point functions and the Higgs
background to evaluate the lepton asymmetry in section 3. The numerical results are also
shown in this section. We summarize our conclusion and discuss in section 4.
2 Formulation of operator equations
The goal of this paper is to demonstrate that the lepton asymmetry can be generated by
the oscillating Higgs background. At first, we explain what we must calculate to know
the generated lepton asymmetry. As mentioned in the previous section, we consider our
model with the type-I seesaw model that includes the SM and the three generations of
the right-handed neutrinos. Furthermore, we neglect the spacial expanding effect in the
later calculation for simplicity and assume that the energy scale of the produced neutrinos
is much lower than the heavy right-handed neutrino scale in order to avoid backreactions
erasing the generated asymmetry. In our formulation, we use the notation of the metric as
gµν = diag(+1,−1,−1,−1), and use the two-component spinors as the representation of
fermions.
The net lepton number can be defined by a vacuum expectation value of U(1) Noether
charge of the leptons as
L ≡
∫
d3x
∑
A
1
2
(
(〈νA†L σ¯0νAL 〉 − 〈νALσ0νA†L 〉)
+(〈eA†L σ¯0eAL〉 − 〈eALσ0eA†L 〉)− (〈ecA†R σ¯0ecAR 〉 − 〈ecAR σ0ecA†R 〉)
)
(2.1)
where the superscript A runs the generation, and νL, eL and ecR are the left-handed neutrino,
the left-handed electron and the charge conjugate of the right-handed electron, respectively.
The lepton number density nL can be obtained by nL = L/V where V ≡
∫
d3x is a spatial
volume of the system. As shown in (2.1), we need to follow every leptonic two-point
function. To derive the equations of motion for each two point function, at first we derive
the operator equations for leptons.
In later calculation, we derive the equations of motion for each operator field and
construct the differential equations for all the required two-point functions using the oper-
ator equations. Then, we solve them numerically, and we follow the time evolution of the
generated lepton asymmetry referring to the solved two-point functions.
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2.1 Lagrangian
The Lagrangian relating to the lepton sector is given by
Llepton =
∑
A
(
`aA†σ¯µiDµ`aA + e
cA†
R σ¯
µiDµe
cA
R + ν
cA†
R σ¯
µi∂µν
cA
R
)
−
∑
A,B
(
1
2
MABR ν
cA
R ν
cB
R +
√
2yABe H
a†`aAecBR −
√
2yABν 
abHa`bAνcBR + (h.c.)
)
(2.2)
where superscripts A,B run 3 generations (flavor basis) and a, b run SU(2)L components,
and mass matrix of the right-handed neutrinos MR is chosen to be diagonal and real com-
ponents. We choose the unitary gauge as H1 = 0, H2 = h/
√
2, `1 = νL, `
2 = eL, then the
Lagrangian by each component is shown by
Llepton =
∑
A
(
νA†L σ¯
µi∂µν
A
L + e
A†
L σ¯
µi∂µe
A
L + e
cA†
R σ¯
µi∂µe
cA
R + ν
cA†
R σ¯
µi∂µν
cA
R
+gYBµ ·
(
−1
2
νA†L σ¯
µνAL −
1
2
eA†L σ¯
µeAL + e
cA†
R σ¯
µecAR
)
+
1
2
gWW
3
µ ·
(
νA†L σ¯
µνAL − eA†L σ¯µeAL
)
+
1
2
gW (W
1
µ − iW 2µ) · νA†L σ¯µeAL +
1
2
gW (W
1
µ + iW
2
µ) · eµLσ¯µνAL
)
−
∑
A,B
(
1
2
MABR ν
cA
R ν
cB
R + y
AB
e he
A
Le
cB
R + y
AB
ν hν
A
L ν
cB
R + (h.c.)
)
(2.3)
where Bµ and W aµ for a = 1, 2, 3 are the gauge boson fields, gY and gW are the gauge
couplings corresponding to U(1)Y and SU(2)L gauge symmetries, respectively.
2.2 Equations of motion
2.2.1 Approximate solution for right-handed neutrinos
At first, we derive the equations of motion for the right-handed neutrinos. From (2.3), the
operator equations for the right-handed neutrinos can be obtained as
0 = σ¯µ · i∂µνcAR −
∑
B
(
MABR ν
cB†
R + (y
†
ν)
ABhνB†L
)
, (2.4)
0 = σµ · i∂µνcA†R −
∑
B
(
MABR ν
cB
R + (y
T
ν )
ABhνBL
)
. (2.5)
Since we assume that the scale of the non-perturbative particle production is enough lower
than the right-handed neutrino mass scale, we can construct an effective equation in which
the right-handed neutrinos do not appear. Assuming M−1R ∂  1 in (2.4) and (2.5), we can
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obtain the approximate solution as
νcA†R =
∑
B
(
−(M−1R y†ν)ABhνB†L + (M−1R )ABσ¯µ · i∂µνcBR
)
= −
∑
B
(
(M−1R y
†
ν)
ABhνB†L + (M
−2
R y
T
ν )
ABi∂µh · σ¯µνBL
+(M−2R y
T
ν )
ABh · σ¯µi∂µνBL
)
+O((M−1R ∂)2). (2.6)
Note that the first term in the above equation is of the leading order, and the second and
third terms are of the next-to-leading order.
2.2.2 Left-handed neutrinos
The operator equation for the left-handed neutrinos is given by
0 = σ¯µ · i∂µνAL −
1
2
(gYBµ − gWW 3µ) · σ¯µνAL
+
1
2
gW (W
1
µ − iW 2µ) · σ¯µeAL −
∑
B
y∗ABν hν
cB†
R . (2.7)
Substituting the approximate solution (2.6) to the above equation, we obtain an approxi-
mate equation without the right-handed neutrinos as
0 = σ¯µ · i∂µνAL −
1
2
(gYBµ − gWW 3µ) · σ¯µνAL
+
1
2
gW (W
1
µ − iW 2µ) · σ¯µeAL +
∑
B
(y∗νM
−1
R y
†
ν)
ABh2νB†L
+
∑
B
(y∗νM
−2
R y
T
ν )
AB
(
ih · ∂µh+ h2
(
1
2
gYBµ − 1
2
gWW
3
µ
))
σ¯µνBL
−
∑
B
(y∗νM
−2
R y
T
ν )
ABh2 · 1
2
gW (W
1
µ − iW 2µ)σ¯µeBL + · · · · , (2.8)
where · · · means higher order terms. In the above operator equation, we impose the fol-
lowing approximations:
h ∼ 〈h(t)〉, Bµ ∼ 0, W aµ ∼ 0. (2.9)
These indicate that the Higgs has a homogeneous background but the gauge fields do not
have backgrounds1. Then (2.8) becomes a simpler equation as
0 = σ¯µ · i∂µνAL
+
∑
B
(
(y∗νM
−1
R y
†
ν)
AB〈h〉2νB†L + i(y∗νM−2R yTν )AB〈h〉〈h˙〉 · σ¯0νBL
)
+ · · · . (2.10)
1Although there are no backgrounds of gauge fields (one-point functions), two-point functions that
correspond to their number density are not negligible. In our scenario, the gauge bosons can be produced
by the coherent oscillation of the Higgs background. We will see in section 3.2 that the bosonic two-point
functions appear in the Higgs sector.
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In (2.10), a matrix yνM−1R y
T
ν ·〈h〉2 means the masses of the left-handed neutrinos but it
is not diagonalized in general. This mass matrix can be diagonalized by Pontecorvo-Maki-
Nakagawa-Sakata matrix UPMNS as
mν(t) ≡ −UTPMNSyνM−1R yTν UPMNS · 〈h(t)〉2 (2.11)
where mν is a diagonal matrix and every component is real. Since UTPMNSyνM
−1
R y
T
ν UPMNS
is a constant matrix, it can be represented by the present Higgs vacuum expectation value
and the present left-handed neutrino masses:
UTPMNSyνM
−1
R y
T
ν UPMNS = −
1
〈hnow〉2mν,now (2.12)
where
〈hnow〉 = 246 GeV, mν,now =
m1 m2
m3
 , (2.13)
and m1,m2,m3 are the masses of the left-handed neutrinos in mass basis. Equation (2.12)
can also be rewritten as [19]
1 = −m−1/2ν,nowUTPMNSyνM−1R yTν UPMNSm−1/2ν,now · 〈hnow〉2
= −
[
m−1/2ν,nowU
T
PMNSyνM
−1/2
R
] [
M
−1/2
R y
T
ν UPMNSm
−1/2
ν,now
]
· 〈hnow〉2
= OTO (2.14)
where
O ≡ iM−1/2R yTν UPMNSm−1/2ν,now · 〈hnow〉 (2.15)
is an orthogonal complex matrix. Using this matrix, the Yukawa matrix yν can be repre-
sented by
yTν = −
i
〈hnow〉M
1/2
R O(mν,now)
1/2U †PMNS. (2.16)
Hence, we can obtain
y∗νM
−2
R y
T
ν =
1
〈hnow〉2UPMNSm
1/2
ν,nowO
†M−1R Om
1/2
ν,nowU
†
PMNS. (2.17)
Finally, the operator equation (2.10) written by the mass eigenstate can be shown as
0 = σ¯µi∂µν
I
L +
∑
J
(
−[mν(t)]IJνJ†L + i[Z(t)]IJ σ¯0νJL
)
+ · · · (2.18)
where the superscripts I, J run mass eigenstate indices,
νIL ≡
∑
A
(U †PMNS)
IAνAL (2.19)
is a mass eigenstate of the left-handed neutrinos, and
[mν(t)]
IJ ≡ 〈h(t)〉
2
〈hnow〉2 · [mν,now]
IJ (2.20)
[Z(t)]IJ ≡ 〈h(t)〉〈h˙(t)〉〈hnow〉2 · [m
1/2
ν,nowO
†M−1R Om
1/2
ν,now]
IJ . (2.21)
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Note that Z is a non-diagonal Hermitian matrix in general. The CP-violating parameters
are included by the non-diagonal complex elements.
Since it is convenient to treat the equations by the Fourier transformed representation,
we represent (2.18) by each Fourier mode. We expand νL(x) by a plane wave and each
helicity mode as
[νL(x)α]
I =
∫
d3k
(2pi)3
eik·x
∑
s=±
(esk)α[ν
s
k(t)]
I (2.22)
where (esk)α is an eigen-spinor for the helicity operator that satisfies
2:
ki(σ¯iesk)
α˙ = −s|k|(σ¯0esk)α˙ ( s = + or − ). (2.27)
Then (2.18) in the Fourier space can be represented by
∂tν
sI
k = is|k|νsIk +
∑
J
(
imIJν · se−iθkνsJ†−k − ZIJνsJk
)
+ · · · . (2.28)
Later, we will use this differential equation to derive each two-point functions.
2.2.3 Left- and right-handed electrons
Since the electron sector does not have interaction with right-handed neutrinos, each equa-
tion for electrons is the same as in the SM. Moreover, as long as we use the approximation
(2.9), the electron sector is separated from the left-handed neutrinos. Therefore, even if
the lepton asymmetry is generated in the neutrino sector, the effect does not influence the
electron sector. For this reason, we ignore the electron sector in this work.
3 Analysis of lepton asymmetry
As shown in the previous section, the net lepton number is defined by (2.1). We expect that
the lepton asymmetry from the electron sector can be neglected. Thus, we only consider
the neutrino sector and obtain
nL ' 1
V
∫
d3x
∑
A
1
2
(
〈νA†L σ¯0νAL 〉 − 〈νALσ0νA†L 〉
)
=
1
V
∫
d3k
(2pi)3
∑
I
∑
s=±
1
2
(
〈νsI†k νsIk 〉 − 〈νsI−kνsI†−k 〉
)
. (3.1)
2 In this paper, we use the following representation:
(esk)1 =
√
1
2
(
1 +
sk3
|k|
)
, (esk)2 = se
iθk
√
1
2
(
1− sk
3
|k|
)
(2.23)
where
eiθk ≡ k
1 + ik2√
(k1)2 + (k2)2
(2.24)
is a phase defined by the x- and y-components of the momentum. Useful properties:
es†k σ¯
0erk = e
r
kσ
0es†k = δ
sr, eske
r
−k = se
iθkδsr, (2.25)
eskαe
s†
kα˙ =
1
2
(
σ0 +
sσiki
|k|
)
αα˙
, es†α˙k e
sα
k =
1
2
(
σ¯0 +
sσ¯iki
|k|
)α˙α
(no summation for s). (2.26)
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Therefore, we need to follow the values of each two-point functions in order to know the
net lepton number.
According to the CMB observation[1], the baryon number in the Universe is given by
nB
s
∣∣∣
obs
= 8.6× 10−11 (3.2)
where nB is the baryon density and s is the entropy density. The lepton number required
for achieving this observation can be estimated as follows. After the lepton number is
generated in our scenario, a part of it converts to the baryon number through the sphaleron
process which is in equilibrium at the temperature T . 1012 GeV. The amount can be
estimated by [11]
nB
s
= −28
79
nL
s
. (3.3)
Thus the required lepton number is
nL
s
= −79
28
nB
s
∣∣∣
obs
= −2.4× 10−10. (3.4)
3.1 Differential equations for two-point functions
We can construct differential equations for the two-point functions using the operator equa-
tion (2.28). The relevant differential equations are given by
∂t〈νsI†k νsJk 〉 = −
∑
K
(
〈νsI†k νsKk 〉(Z∗)KJ + (Z∗)IK〈νsK†k νsJk 〉
)
+imIIν [se
iθk〈νsI−kνsJk 〉]− imJJν [seiθk〈νsJ−kνsIk 〉]∗ (3.5)
∂t〈νsI−kνsJ†−k 〉 = −
∑
K
(
〈νsI−kνsK†−k 〉ZKJ + ZIK〈νsK−kνsJ†−k 〉
)
+imIIν [se
iθk〈νsJ−kνsIk 〉]∗ − imJJν [seiθk〈νsI−kνsJk 〉] (3.6)
∂t[se
iθk〈νsI−kνsJk 〉] =
2is|k|
a
[seiθk〈νsI−kνsJk 〉]
−
∑
K
(
[seiθk〈νsI−kνsKk 〉](Z∗)KJ + (Z∗)IK [seiθk〈νsK−kνsJk 〉]
)
+imIIν 〈νsI†k νsJk 〉 − imJJν 〈νsI−kνsJ†−k 〉. (3.7)
Note that correlation functions of three or more points that provide the interaction effects
do not appear in the above equations because we approximate the bosonic operators by
background fields in the previous section. Although it is still difficult to analytically solve
these differential equations because of the time-dependent matricesmν and Z, the numerical
analysis can be performed in a relatively simple way. The initial conditions for each two-
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point function are chosen to be3
〈νsI†k νsJk 〉t=t0 = V ·
1
2
(
1 +
s|k|
[ωk(t0)]II
)
· δIJ (3.12)
〈νsI−kνsJ†−k 〉t=t0 = V ·
1
2
(
1− s|k|
[ωk(t0)]II
)
· δIJ (3.13)
〈νsI−kνsJk 〉t=t0 = V ·
[mν(t0)]
II
2[ωk(t0)]II
· δIJ (3.14)
where t = t0 is an initial time, V ≡
∫
d3x is a spatial volume of the system, and
[ωk(t)]
II ≡
√
|k|2
a(t)2
+ [mν(t)2]II =
√
|k|2
a(t)2
+
〈h(t)〉4
〈hnow〉4 ([mν,now]
II)2. (3.15)
3.2 Evolution of Higgs background
The time dependence of the matrices mν(t) and Z(t) is described by the dynamics of the
Higgs background. Thus, we must follow the time evolution of the Higgs background in
order to solve Eqs.(3.5)-(3.7). The Lagrangian relating to the Higgs sector is given by
LHiggs = DµHa†DµHa − 1
4
λ(Ha†Ha)2 + LYukawa (3.16)
where LYukawa is the Higgs interaction terms with fermions. We neglect the quadratic
term of the Higgs because the scale we focus is much higher than the electro-weak scale.
Using the unitary gauge, H1 = 0, H2 = h/
√
2, the Lagrangian in each component can be
represented as
LHiggs = 1
2
∂µh∂µh+
1
8
(g2Y + g
2
W )Z
µZµh
2 +
1
4
g2WW
+µW−µ h
2
−1
4
λh4 + LYukawa (3.17)
where we denote (
Zµ
Aµ
)
≡
(
cos θ − sin θ
sin θ cos θ
)(
W 3µ
Bµ
)
, (3.18)
3Actually, the asymptotic solution of (2.28) corresponding to zero particle state is given by
νsIk (t) = [u
s
k(t)]
IJ [ask]
J + se−iθk · [vsk(t)∗]IJ [as†−k]J (3.8)
where
[usk(t)]
IJ = δIJ ·
√
1
2
(
1− s|k|
[ωk(t)]II
)
e
−i ∫ tt0 dt′[ωk(t′)]II (3.9)
[vsk(t)]
IJ = δIJ ·
√
1
2
(
1 +
s|k|
[ωk(t)]II
)
e
−i ∫ tt0 dt′[ωk(t′)]II (3.10)
and ask (a
s†
k ) is an annihilation (a creation) operator which satisfies
[[ask]
I , [ar†k′ ]
J ] = (2pi)3δ3(k− k′)δsrδIJ , [[ask]I , [ark′ ]J ] = 0. (3.11)
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sin θ ≡ gY√
g2Y + g
2
W
, cos θ ≡ gW√
g2Y + g
2
W
, (3.19)
W±µ ≡
1√
2
(W 1µ ∓ iW 2µ). (3.20)
The Lagrangian (3.17) leads the equation of motion for the Higgs as
0 = ∂2t h− ∂i∂ih+ λh3 −
(
1
4
(g2Y + g
2
W )Z
µZµ +
1
2
g2WW
+µW−µ
)
h
+(fermion’s terms). (3.21)
Taking the vacuum expectation value in the above equation, we can obtain the equation
for the Higgs background as
0 = ∂2t 〈h〉+ λ〈h〉3 + JBR (3.22)
where JBR is a backreaction term that consists of
JBR ≡ δm2h · 〈h〉+ (fermion’s two-point functions)
+λ〈h˜3〉 − 1
4
(g2Y + g
2
W )〈ZµZµh˜〉 −
1
2
g2W 〈W+µW−µ h˜〉, (3.23)
h˜ ≡ h− 〈h〉, (3.24)
δm2h ≡ 3λ〈h˜2〉 −
1
4
(g2Y + g
2
W )〈ZµZµ〉 −
1
2
g2W 〈W+µW−µ 〉. (3.25)
This backreaction plays a quite important role. As we will see later, the lepton asymmetry
cannot be fixed without the backreaction.
Because the backreaction (3.23) includes too much information and thus the form is
complicated, let us extract the relevant effect and approximate them to be a useful form. At
first, we neglect three-point functions since we constructed the differential equations up to
two-point functions. This approximation is valid as long as 〈Zµ〉 ∼ 〈W±µ〉 ∼ 0. Moreover,
we can expect that the bosonic two-point functions would be much more significant than the
fermionic functions because each two-point function relates to the number density and the
bosons would be exponentially produced due to the parametric resonance by the coherent
oscillation of the Higgs background. Therefore, we can approximate the backreaction term
as
JBR ∼ δm2h · 〈h〉. (3.26)
Speaking roughly, δm2h is the product of the couplings and the total number densities of
the Higgs and the gauge bosons. Because it is complicated to follow the time evolution of
the two-point functions of these species (3.25), we approximate them by a single real scalar
field4 as
δm2h ∼ Ndeg ·
1
4
g2W 〈χ2〉 (3.27)
4The scalar χ defined here is NOT a new field in the type-I seesaw model. We treat this scalar as an
approximation technique to estimate the degrees of freedom generated by the oscillating Higgs background.
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where χ is an artificial scalar field that satisfies
0 = ∂2t χ− ∂i∂iχ+
1
4
g2W 〈h〉2χ, 〈χ〉 = 0, (3.28)
and
Ndeg ≡ 12λ
g2W
〈h˜2〉
〈χ2〉 −
g2Y + g
2
W
g2W
〈ZµZµ〉
〈χ2〉 −
2〈W+µW−µ 〉
〈χ2〉 (3.29)
∼ 12λ
g2W
· 1 +
(
1 +
g2Y
g2W
)
· 3 + 6 (3.30)
is an effective degrees of freedom included in (3.25). The coefficients 1, 3, 6 in (3.30) corre-
spond to the degrees of freedom of h, Z,W± bosons, respectively.
Finally, the differential equation for the Higgs background can be derived as5
0 = ∂2t 〈h〉+ λ〈h〉3 +Ndeg ·
1
4
g2W 〈χ2〉〈h〉 (3.34)
= ∂2t 〈h〉+ λ〈h〉3 +Ndeg ·
1
4
g2W
∫
d3k
(2pi)3
(
|uk|2 − 1
2ωχk
)
〈h〉 (3.35)
where uk is χ’s time-dependent wave function which satisfies
0 = ∂2t uk + ω
2
χkuk, ωχk ≡
√
|k|2 + 1
4
g2W 〈h〉2, (3.36)
uk(t0) =
1√
2ωχk(t0)
, u˙k(t0) = −iωk(t0)uk(t0). (3.37)
The above initial conditions for uk indicate zero-particle state as the initial state. Thus, this
analysis is valid in the case that the thermal particle number described by the temperature
of the Universe is negligible. We assume that the produced bosons due to the oscillating
Higgs background are more than the thermal particles. Otherwise, the backreaction does
not sufficiently affect to the Higgs background and the final lepton number would not be
fixed.
5 The representation
χ(t, ~x) =
∫
d3k
(2pi)3
ei
~k·~x
(
uk(t)a~k + uk(t)
∗a†−~k
)
(3.31)
leads to
〈χ2〉 =
∫
d3k
(2pi)3a3
|uk(t)|2, (3.32)
but this term diverges. In order to renormalize, we add a counter term as
〈χ2〉 → 〈χ2〉ren =
∫
d3k
(2pi)3a3
(
|uk(t)|2 − 1
2ωχk(t)
)
(3.33)
by hand. The counter term 1/2ωχk corresponds to 〈0(t)|χ2|0(t)〉 where |0(t)〉 is a vacuum state defined at
time t.
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3.3 Scales of the particle production
In this section, we discuss what the momentum scale of the produced left-handed neutrinos
is . Non-perturbative particle production occurs when the adiabatic condition is violated.
The condition for producing the heaviest left-handed neutrino is given by
1 .
∣∣∣∣ [ω˙k]heaviest([ωk]heaviest)2
∣∣∣∣
k∼0
∼ 2〈hnow〉
2
mheaviest
·
∣∣∣∣∣ 〈h˙〉〈h〉3
∣∣∣∣∣ (3.38)
where [ωk]heaviest ≡ [ωk]II andmheaviest ≡ [mν,now]II for the heaviest generation I of the left-
handed neutrinos. In order to obtain the production scale, we need to know the dynamics
of the Higgs background. At the beginning of the particle production era, the backreaction
JBR in (3.22) can be neglected. Then the time derivative of the Higgs background can be
represented as
|〈h˙(t)〉| ∼
√
λ
2
(〈hmax〉4 − 〈h(t)〉4). (3.39)
In the derivation of the above equation, we assume 〈h˙〉 = 0 when 〈h〉 = 〈hmax〉. Substituting
(3.39) into (3.38), we obtain
1 . 2
3/2
√
Q
·
√
1− (〈h(t)〉/〈hmax〉)4
|〈h(t)〉/〈hmax〉|3 (3.40)
where
Q ≡ 4
λ
(
mheviest〈hmax〉
〈hnow〉2
)2
=
4
λ
·
(
mheviest
0.1 eV
〈hmax〉
6.05× 1014 GeV
)2
. (3.41)
Note that the parameter Q corresponds to the resonance parameter q known in the Mathieu
equation6.
In the case of Q  1 which corresponds to the broad resonance, the condition (3.40)
can be simplified to
|〈h(t)〉| .
√
2Q−1/6〈hmax〉. (3.44)
This result shows us the production area of the left-handed neutrinos. Furthermore, apply-
ing the Tayler expansion to the Higgs background
〈h(t)〉 ∼ 〈h˙(t = t∗)〉(t− t∗) ∼
√
λ
2
〈hmax〉2(t− t∗) (3.45)
where t = t∗ is a time when 〈h(t = t∗)〉 = 0, we obtain the time scale of the particle
production around 〈h〉 = 0 as
|t− t∗| .
(
Q1/6
√
λ
4
〈hmax〉
)−1
≡ ∆t. (3.46)
6The Mathieu equation for a function y = y(x) is given by
0 = y′′ + (A− 2q cos 2x)y (3.42)
where A and q are the resonance parameters. In this equation, the non-adiabatic condition is obtained as
1 .
∣∣∣∣ (√A− 2q cos 2x)′A− 2q cos 2x
∣∣∣∣
A=2q
=
1
2
√
q
· | cosx|
sin2 x
. (3.43)
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This time scale implies the momentum scale of the produced particles as
|k| . |[mν(t = t∗ + ∆t)]heaviest| = 1
∆t
≡ ∆k. (3.47)
In the case of Q . 1 which corresponds to the narrow resonance, the condition (3.40)
is satisfied for almost any value of 〈h〉 except the narrow area of 〈h〉 ∼ 〈hmax〉. Therefore,
the time scale of the particle production is estimated by the oscillation time scale of the
Higgs background
∆t ∼
∫ 〈hmax〉
0
dh
1√
λ
2 (〈hmax〉4 − h4)
= 0.9270 ·
(√
λ
4
〈hmax〉
)−1
(3.48)
and thus the momentum scale can be estimated by
|k| . |[mν(〈h〉 = 〈hmax〉)]heaviest| = mheviest〈hmax〉
2
〈hnow〉2 . (3.49)
3.4 Entropy density
Since the cosmological observation of the baryon number density nB is normalized by the
entropy density s as nB/s, we need to estimate not only the net lepton number density but
also the entropy density. The entropy density can be evaluated by the distributions of all
species as7 by
s =
∑
i for bosons
Ni
∫
d3k
(2pi)3
[
(1 + f
(i)
k ) ln(1 + f
(i)
k )− f (i)k ln f (i)k
]
+
∑
i for fermions
Ni
∫
d3k
(2pi)3
[
−(1− f (i)k ) ln(1− f (i)k )− f (i)k ln f (i)k
]
(3.52)
where Ni and f (i)k are the degrees of freedom and the distribution function for species i
particle, respectively.
In our scenario, sizable gauge bosons and the Higgs bosons are produced by the oscil-
lating Higgs background. This process can be regarded as the entropy production. As we
approximated in (3.27), we can also approximate (3.52) by the effective degrees of freedom
Ndeg and the distribution of χ particle. Then, we can obtain
s ∼ Ndeg
∫
d3k
(2pi)3
[
(1 + f
(χ)
k ) ln(1 + f
(χ)
k )− f (χ)k ln f (χ)k
]
(3.53)
7In the case of the equilibrium distribution
fk =
1
e(ωk−µ)/T ∓ 1 (− : bosons, + : fermions) (3.50)
where ωk =
√|k|2 +m2 is one-particle energy, µ is chemical potential and T is temperature, one can derive
the familiar representation of the entropy density from (3.52) as
s =
ρ+ p− µn
T
(3.51)
where ρ is the energy density, p is the pressure and n is the number density.
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where the distribution function can be represented by the wave function as
f
(χ)
k =
|u˙k|2 + ω2χk|uk|2
2ωχk
− 1
2
. (3.54)
3.5 Model parameters
Before we show our numerical results, we mention the required input parameters for our
analysis. There are 17 model parameters required by the analysis of the lepton asymmetry:
• The gauge couplings gY , gW and the Higgs self-coupling λ
• Masses of the left-handed neutrinos mν,now = diag(m1,m2,m3)
• Masses of the right-handed neutrinos MR = diag(M1,M2,M3)
• Complex orthogonal matrix O: 6 real parameters
• Initial values of 〈h(t0)〉, 〈h˙(t0)〉
The SM parameters gY , gW , and λ could be determined by the renormalization group
running once the initial conditions for 〈h(t0)〉, 〈h˙(t0)〉 are determined.
For simplicity, we assume that m3 is the heaviest left-handed neutrino and that a
non-degenerate mass spectrum to the left-handed neutrinos in later analysis8. Taking into
account the observations of the neutrino oscillation[20], we set the heaviest mass of the
left-handed neutrinos as
m3 ∼
√
|∆m232| =
√
2.5× 10−3 eV. (3.55)
The mass scale of the right-handed neutrinos is constrained in our analysis. The lightest
right-handed neutrino must be much heavier than the heaviest left-handed neutrino because
of the validity of the effective theory. Hence, the lightest mass of the right-handed neutrinos
must be
[MR]lightest  max([mν(t)]heviest) = 〈hmax〉
2
〈hnow〉2m3 =
〈hmax〉2
1.21× 1015 GeV (3.56)
where 〈hmax〉 is a maximal value of |〈h(t)〉|. Note that the typical scale in our scenario is
characterized by
〈hnow〉2
m3
= 1.21× 1015 GeV. (3.57)
Finally, we mention the treatment of the complex orthogonal matrix O. Since this ma-
trix does not have any constraints, we treat it as a set of free parameters. The parametriza-
tion can be taken as
O =
 1 0 00 c23 s23
0 −s23 c23

 c13 0 −s130 1 0
s13 0 c13

 c12 s12 0−s12 c12 0
0 0 1
 (3.58)
8Although the case of the degenerate mass spectrum is also applicable to our scenario, we do not consider
such a case in this paper because the mass scale of the left-handed neutrinos cannot be determined.
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where
cij ≡ cos θij
= cosh(Im θij) · cos(Re θij)− i sinh(Im θij) · sin(Re θij) (3.59)
sij ≡ sin θij
= cosh(Im θij) · sin(Re θij) + i sinh(Im θij) · cos(Re θij). (3.60)
The complex parameters θ12, θ23, θ13 correspond to 6 real parameters.
3.6 Numerical results
Finally, we show our numerical results with a set of specific parameters. In our analysis,
we set the gauge couplings and the Higgs self-coupling at the Higgs oscillation scale as9
g2Y = g
2
W = 4pi ·
1
40
, λ = 0.001. (3.61)
Then, the effective degrees of freedom defined in (3.30) is evaluated as
Ndeg ∼ 12. (3.62)
Basically, the other parameters are free. In this paper, we choose the parameters to be
mν,now = diag(0,
√
∆m221,
√
|∆m232|)
= diag(0,
√
7.5× 10−5,
√
2.5× 10−3) eV, (3.63)
MR = M1 × diag(1, 10, 100), (3.64)
θ12 =
pi
6
+ 0.1i, θ23 =
pi
12
+ 0.2i, θ13 =
pi
4
+ 0.3i, (3.65)
where mν,now and MR are diagonal mass matrices of the left- and right-handed neutrinos
on 〈h〉 = 246 GeV and each θij defined in (3.58)-(3.60) is a parameter of the orthogonal
matrix O. Furthermore, we assume
〈h˙(t0)〉 = 0 (3.66)
for simplicity. Then, we can regard 〈hmax〉 as 〈h(t0)〉. The rest parameters 〈h(t0)〉 and M1
are treated as variables in our analysis. Using the above parameters, we solve (3.5)-(3.7)
and (3.35) numerically. Substituting the obtained values into (3.1), (3.53) and (3.54) at
each time, we can follow the time evolution of the net lepton number.
At first, we show the case without backreaction in Figure 1. The initial value of the
Higgs amplitude and the mass of lightest right-handed neutrino are chosen to be
〈h(t0)〉 = 1.5× 1014 GeV, M1 = 1015 GeV. (3.67)
As we mentioned, one can see that the net lepton number is produced with a certain
magnitude but it continues to fluctuate between positive and negative. Therefore, the
amount is not fixed.
9For the Higgs self-coupling λ, there exists the vacuum stability problem that the coupling λ tends to
run into negative at high scale & 109−15 GeV[21, 22]. Since our scenario requires the oscillation of the Higgs
background, we assume that the Higgs self-coupling maintains positive at the focusing scale.
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Figure 1. The time evolution of the lepton number in a volume of ∆t3 and the amplitude of the
Higgs background in the case without backreaction. The parameters are set by 〈h(t0)〉 = 1.5× 1014
GeV and M1 = 1015 GeV.
The case with backreaction is shown in Figure 2. Contrary to the case without backre-
action, the evolution of the net lepton number freezes after several times of the oscillation of
the Higgs background. The upper panel shows the time evolution of the lepton-entropy ra-
tio, its absolute value and the amplitude of the Higgs background. The graph of nL/s seems
that the generated net lepton number oscillates when the Higgs background reaches to the
edge of the amplitude and that the final value is rather small. The graph of |nL/s| with
the logarithmic scale shows us that the magnitude of the asymmetry is quite steady but its
sign is flipping. This behavior is similar to the case without backreaction. At the last stage,
however, the generated net number is fixed with non-zero value when the amplitude of the
Higgs background decreases rapidly. The numerical result shows nL/s ' −6.5 × 10−10 at
t = 100∆t where ∆t is a time scale of the particle production defined in (3.46). The main
reason for the amplitude reduction of the Higgs background is the resonant production of
the gauge bosons and the Higgs boson. The production of the left-handed neutrinos with
lepton number violation also occurs but the energy conversion from the Higgs background is
much smaller because the interaction is suppressed by the right-handed neutrino mass scale.
Once enough bosons are produced, their plasma behaves as an effective mass of the Higgs
background. In consequence, the Higgs background loses its energy and the non-adiabatic
condition, and hence the resonant particle production finally stops. On the other hand, one
can see that the graph of |nL/s| seems to decrease in its evolution and to be fixed at the
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Figure 2. Numerical results with backreaction. The parameters are same to Figure 1, 〈h(t0)〉 =
1.5 × 1014 GeV and M1 = 1015 GeV. Upper: The time evolution of the lepton-to-entropy ratio,
its absolute value with the logarithmic scale and the amplitude of the Higgs background. The final
value of the lepton-to-entropy ratio at t/∆t = 100 is nL/s = −6.54 × 10−10. Lower: The time
evolution of the number of bosons, their corresponding entropy and lepton number in volume ∆t3.
later stage. The reason can be seen from the lower panel of Figure 2 that shows the time
evolutions of the number density of bosons, entropy density, and net lepton density in the
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Figure 3. The time evolution of the absolute value of the lepton-to-entropy ratio comparison with
several initial conditions. The initial value of 〈h(t0)〉 and the lightest right-handed neutrino mass
M1 are varied but their ratio is fixed as 〈h(t0)〉/M1 = 0.1. The time scale ∆t is evaluated in the
case of 〈h(t0)〉 = 1010 GeV.
volume ∆t3. Actually, the magnitude of the net lepton number is almost fixed except its
sign. But the entropy is generated exponentially by the parametric resonance. As a result,
nL/s reduces at the early stage, and the magnitude is fixed because the entropy production
becomes steady at the later stage. It is also interesting that the produced entropy is much
smaller than the bosonic number density.
We show the comparison with different values for 〈h(t0)〉 andM1 in Figure 3. According
to this result, larger scale of 〈h(t0)〉 andM1 gives larger magnitude of nL/s. Although we fix
〈h(t0)〉/M1 = 0.1 in this comparison, the case of 〈h(t0)〉/M1 < 0.1 leads smaller magnitude
of nL/s during the whole time evolution. This figure also shows that more than 1014 GeV
scales for 〈h(t0)〉 and M1 are required to generate |nL/s| ∼ 10−10 in our scenario.
4 Conclusion and discussion
In this paper, we proposed a new leptogenesis scenario in which the lepton asymmetry is
generated by the coherent oscillating Higgs background, and demonstrated that the type-I
seesaw model as an illuminating example can generate enough lepton number. Although
the analytic results are not derived because of the difficulty of the analysis, we showed
the numerical results with some choices of parameters. We emphasize that in our scenario
the particle production and the asymmetry generation occur simultaneously. Hence any
perturbative decay processes do not need at all. This is a quite different point from the
ordinary scenario. Although we discussed the type-I seesaw model, a similar scenario is
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possible to be constructed by other models that include the baryon or lepton number
violating interaction, C- and CP-violating parameters, and the time-varying background
fields. If such a model has the oscillating background field and baryon or lepton number
violating interaction with C and CP violation, then the asymmetry could be generated.
Because we used some approximations in our analysis to avoid complicated formula-
tions, we need to mention the validity and the condition. First, we constructed an effective
theory in which the right-handed neutrinos do not appear. If one wants to apply to a case
that the scale of the initial amplitude of the Higgs background is larger than the mass scale
of the right-handed neutrinos, a complete calculation is needed. Secondary, we neglected
the fermionic two-point functions and any correlation functions of more than two-points. In
the case that the bosonic resonant production is not relevant, the fermionic two-point func-
tion could affect the backreaction in (3.23) as well as the bosonic terms. If the effects of the
correlation functions of three and more points could be included in the analysis, the results
would describe the effects of decay and scattering processes, which could provide secondary
sources of the lepton asymmetry. Finally, we neglected the spatial expanding effect in the
whole calculation. Although a realistic model must include the expansion effect, we ignored
it for simplicity and to see a clear structure of the dynamics. If the Hubble parameter H
is much larger than the oscillation scale of the Higgs background (H  √λ|〈hmax〉|), the
Higgs background maintains the initial value of its amplitude. When the expansion scale
becomes smaller than the oscillation scale (H .
√
λ|〈hmax〉|), the Higgs background can os-
cillate. Therefore, this motivates us to adopt the initial conditions of the Higgs background
as
〈h(t0)〉 = 〈hmax〉, 〈h˙(t0)〉 = 0. (4.1)
However, the expanding effect might change the whole dynamics seriously. Since the time
scale of the particle production ∆t is much smaller than the Hubble inverse H−1 in many
cases, the expanding effect at the moment of the particle production can be negligible. But
the spatial expansion makes the amplitude of the Higgs background shrink, and thus the
velocity of the background at the particle production area becomes smaller. Consequently,
the amount of the produced left-handed neutrinos would be reduced, and thus there is a
possibility that the lepton asymmetry would become smaller. On the other hand, entropy
production would also be reduced. The result might strongly depend on the evolution of
the Hubble parameter, i.e., the matter contents. We leave the analysis with the expanding
effect to a future work.
Acknowledgments
This work is supported in part by the National Natural Science Foundation of China under
Grants No. 11805288, No. 11875327, and No. 11905300, the China Postdoctoral Science
Foundation under Grant No. 2018M643282, the Natural Science Foundation of Guang-
dong Province under Grant No. 2016A030313313, the Fundamental Research Funds for the
Central Universities, and the Sun Yat-Sen University Science Foundation.
– 19 –
References
[1] N. Aghanim et al. [Planck Collaboration], “Planck 2018 results. VI. Cosmological parameters,”
arXiv:1807.06209 [astro-ph.CO].
[2] P. Ade et al. [Planck], “Planck 2015 results. XIII. Cosmological parameters,” Astron.
Astrophys. 594, A13 (2016) doi:10.1051/0004-6361/201525830 [arXiv:1502.01589
[astro-ph.CO]].
[3] R. H. Cyburt, B. D. Fields, K. A. Olive and T. H. Yeh, “Big Bang Nucleosynthesis: 2015,”
Rev. Mod. Phys. 88, 015004 (2016) doi:10.1103/RevModPhys.88.015004 [arXiv:1505.01076
[astro-ph.CO]].
[4] L. Kofman, A. D. Linde and A. A. Starobinsky, “Towards the theory of reheating after
inflation,” Phys. Rev. D 56, 3258-3295 (1997) doi:10.1103/PhysRevD.56.3258
[arXiv:hep-ph/9704452 [hep-ph]].
[5] M. A. Amin, M. P. Hertzberg, D. I. Kaiser and J. Karouby, “Nonperturbative Dynamics Of
Reheating After Inflation: A Review,” Int. J. Mod. Phys. D 24, 1530003 (2014)
doi:10.1142/S0218271815300037 [arXiv:1410.3808 [hep-ph]].
[6] K. D. Lozanov, “Lectures on Reheating after Inflation,” [arXiv:1907.04402 [astro-ph.CO]].
[7] A. Dolgov and D. Kirilova, “ON PARTICLE CREATION BY A TIME DEPENDENT
SCALAR FIELD,” Sov. J. Nucl. Phys. 51, 172-177 (1990) JINR-E2-89-321.
[8] J. H. Traschen and R. H. Brandenberger, “Particle Production During Out-of-equilibrium
Phase Transitions,” Phys. Rev. D 42, 2491-2504 (1990) doi:10.1103/PhysRevD.42.2491
[9] L. Kofman, A. D. Linde and A. A. Starobinsky, “Reheating after inflation,” Phys. Rev. Lett.
73, 3195-3198 (1994) doi:10.1103/PhysRevLett.73.3195 [arXiv:hep-th/9405187 [hep-th]].
[10] M. Fukugita and T. Yanagida, “Baryogenesis Without Grand Unification,” Phys. Lett. B
174, 45-47 (1986) doi:10.1016/0370-2693(86)91126-3
[11] J. A. Harvey and M. S. Turner, “Cosmological baryon and lepton number in the presence of
electroweak fermion number violation,” Phys. Rev. D 42, 3344 (1990).
doi:10.1103/PhysRevD.42.3344
[12] E. W. Kolb, A. D. Linde and A. Riotto, “GUT baryogenesis after preheating,” Phys. Rev.
Lett. 77, 4290-4293 (1996) doi:10.1103/PhysRevLett.77.4290 [arXiv:hep-ph/9606260 [hep-ph]].
[13] E. W. Kolb, A. Riotto and I. I. Tkachev, “GUT baryogenesis after preheating: Numerical
study of the production and decay of X bosons,” Phys. Lett. B 423, 348-354 (1998)
doi:10.1016/S0370-2693(98)00134-8 [arXiv:hep-ph/9801306 [hep-ph]].
[14] G. Giudice, M. Peloso, A. Riotto and I. Tkachev, “Production of massive fermions at
preheating and leptogenesis,” JHEP 08, 014 (1999) doi:10.1088/1126-6708/1999/08/014
[arXiv:hep-ph/9905242 [hep-ph]].
[15] K. Funakubo, A. Kakuto, S. Otsuki and F. Toyoda, “Charge generation in the oscillating
background,” Prog. Theor. Phys. 105, 773-788 (2001) doi:10.1143/PTP.105.773
[arXiv:hep-ph/0010266 [hep-ph]].
[16] S. Enomoto and T. Matsuda, “Asymmetric preheating,” Int. J. Mod. Phys. A 33, no.25,
1850146 (2018) doi:10.1142/S0217751X18501464 [arXiv:1707.05310 [hep-ph]].
[17] S. Weinberg, “Baryon and Lepton Nonconserving Processes,” Phys. Rev. Lett. 43 (1979)
1566. doi:10.1103/PhysRevLett.43.1566
– 20 –
[18] L. Pearce, L. Yang, A. Kusenko and M. Peloso, “Leptogenesis via neutrino production during
Higgs condensate relaxation,” Phys. Rev. D 92, no.2, 023509 (2015)
doi:10.1103/PhysRevD.92.023509 [arXiv:1505.02461 [hep-ph]].
[19] J. A. Casas and A. Ibarra, “Oscillating neutrinos and µ→ e, γ,” Nucl. Phys. B 618 (2001)
171 doi:10.1016/S0550-3213(01)00475-8 [hep-ph/0103065].
[20] K. Abe et al. [T2K], “Constraint on the matterâĂŞantimatter symmetry-violating phase in
neutrino oscillations,” Nature 580, no.7803, 339-344 (2020) doi:10.1038/s41586-020-2177-0
[arXiv:1910.03887 [hep-ex]].
[21] G. Degrassi, S. Di Vita, J. Elias-Miro, J. R. Espinosa, G. F. Giudice, G. Isidori and
A. Strumia, “Higgs mass and vacuum stability in the Standard Model at NNLO,” JHEP 08,
098 (2012) doi:10.1007/JHEP08(2012)098 [arXiv:1205.6497 [hep-ph]].
[22] D. Buttazzo, G. Degrassi, P. P. Giardino, G. F. Giudice, F. Sala, A. Salvio and A. Strumia,
“Investigating the near-criticality of the Higgs boson,” JHEP 12, 089 (2013)
doi:10.1007/JHEP12(2013)089 [arXiv:1307.3536 [hep-ph]].
– 21 –
